+ -dependent high-affinity glutamate transporters have important roles in the maintenance of basal levels of glutamate and clearance of glutamate during synaptic transmission. Interestingly, several studies have shown that basal glutamate transport displays plasticity. Glutamate uptake increases in hippocampal slices during early long-term potentiation (E-LTP) and late long-term potentiation (L-LTP). Four issues were addressed in this research: Which glutamate transporter is responsible for the increase in glutamate uptake during L-LTP? In what cell type in the hippocampus does the increase in glutamate uptake occur? Does a single type of cell contain all the mechanisms to respond to an induction stimulus with a change in glutamate uptake? What role does the increase in glutamate uptake play during L-LTP? We have confirmed that GLT-1 is responsible for the increase in glutamate uptake during L-LTP. Also, we found that astrocytes were responsible for much, if not all, of the increase in glutamate uptake in hippocampal slices during L-LTP. Additionally, we found that cultured astrocytes alone were able to respond to an induction stimulus with an increase in glutamate uptake. Inhibition of basal glutamate uptake did not affect the induction of L-LTP, but inhibition of the increase in glutamate uptake did inhibit both the expression of L-LTP and induction of additional LTP. It seems likely that heightened glutamate transport plays an ongoing role in the ability of hippocampal circuitry to code and store information.
Na + -dependent high-affinity glutamate transporters have important roles in the maintenance of basal levels of glutamate and clearance of glutamate during synaptic transmission Tzingounis and Wadiche 2007) . Glutamate transporters also appear to have important roles in synaptic plasticity and memory formation (Maleszka et al. 2000; Katagiri et al. 2001; Levenson et al. 2002; Yang et al. 2005; Tzingounis and Wadiche 2007; Omrani et al. 2009; Scimemi et al. 2009 ). Interestingly, several studies have shown that glutamate transport itself displays plasticity as it is regulated in both vertebrates and invertebrates during synaptic plasticity and memory formation (Levenson et al. 2000 (Levenson et al. , 2002 Shen and Linden 2005; PitaAlmenar et al. 2006) . In hippocampal brain slices, an increase in glutamate uptake by 70% parallels the time course of the early (E-LTP) and late (L-LTP) phases of long-term potentiation (LTP). The parallel between the time course of LTP and the increase in glutamate uptake suggests that the increase in glutamate uptake has an important role in LTP.
Four issues were addressed in this research. Which glutamate transporter is responsible for the increase in glutamate uptake during L-LTP? In what cell type in the hippocampus does the increase in glutamate uptake occur? Does a single type of cultured cell (e.g., astrocytes) contain all the mechanisms to respond to an induction stimulus with an increase in glutamate uptake? What role does the increase in glutamate uptake play during L-LTP?
In mammals, basal glutamate uptake in the brain is maintained by five different glutamate transporters (Danbolt 2001) . The main glutamate transporters identified in the hippocampus are GLT-1, GLAST, and EAAC1 (Rothstein et al. 1994) . Under basal conditions, GLT-1 is expressed in astrocytes and in CA3 presynaptic neuronal terminals of the hippocampus (Rothstein et al. 1994; Chen et al. 2002; Furness et al. 2008 ). EAAC1, a primarily neuronal glutamate transporter, is expressed in pyramidal cells and in GABAergic interneurons of the hippocampus (Rothstein et al. 1994; Conti et al. 1998) . GLAST is only found in astrocytes (Rothstein et al. 1994) .
To investigate which cell type and glutamate transporter in the hippocampus are responsible for the increase in glutamate uptake, it is important to distinguish between experiments that investigate the increase in glutamate uptake from experiments that investigate the basal level of glutamate uptake. For example, some cells in hippocampal slices express GLT-1 basally during E-LTP, but GLT-1 is not responsible for the increase in glutamate uptake that occurs during E-LTP. EAAC1 appears to be responsible for the increase in glutamate uptake during E-LTP, whereas GLT-1 appears to be responsible for the increase in glutamate uptake during L-LTP. Therefore, the presence of a basal level of a transporter is not a predictor of the role of that transporter in increases of glutamate transport. The roles of glutamate transporters need to be determined experimentally.
In our earlier studies, we obtained evidence, using Western blots and inhibition of GLT-1 with dihydrokainate (DHK), that GLT-1 was responsible for the increase in glutamate uptake during L-LTP. We have substantially confirmed in this paper that GLT-1 is responsible for the increase in glutamate uptake during L-LTP. The increase of glutamate uptake and GLT-1 in the hippocampus might occur in astrocytes, presynaptic terminals, or other neuronal processes, or some combination of these sites (Chen et al. 2002 (Chen et al. , 2004 Berger et al. 2005) . In our earlier studies, no information was obtained on the cell type responsible for the increase in glutamate uptake because glutamate uptake was measured in hippocampal slices, which contain several types of cells (Levenson et al. 2002; Pita-Almenar et al. 2006) . In this new research, we found that astrocytes were responsible for much, if not all, of the increase in glutamate uptake in hippocampal slices during L-LTP. Additionally, we found that cultured astrocytes by themselves were able to respond to a chemical induction stimulus (CI) with an increase in glutamate uptake. The increase in glutamate uptake that occurs during L-LTP could have a number of different functions. In fact, the involvement of different transporters during E-LTP (EAAC1) and L-LTP (GLT-1) suggests that the increases in glutamate uptake may have different functions during E-LTP and L-LTP (Pita-Almenar et al. 2006 ). Overall, we tested in this paper the hypothesis that the increase in glutamate uptake during L-LTP occurs in astrocytes and is due to an increase in GLT-1 in astrocytes. Moreover, we tested the hypothesis that the function of the increase in glutamate uptake is important for the expression of L-LTP and some forms of the induction of LTP.
Results

Chemical induction of LTP produced an increase in glutamate uptake in hippocampal slices
Our previous studies demonstrated that glutamate uptake during contextual fear conditioning and during LTP in hippocampal slices exhibited plasticity (Levenson et al. 2002; Pita-Almenar et al. 2006) . High-frequency stimulation (HFS) of the Schaffer collateral induced a rapid (early) and persistent (late) increase in glutamate uptake in area CA1 of hippocampal slices. The increase in glutamate uptake in hippocampal slices during the late time domain of LTP, L-LTP, appeared to be mediated by GLT-1, whereas the increase in glutamate uptake during the early time domain of LTP, E-LTP, appeared to be mediated by EAAC1 (Pita-Almenar et al. 2006) . What type of glutamate transporter and cell type are involved in the increase in glutamate uptake during L-LTP? To test the hypothesis that an LTP induction stimulus can increase GLT-1 transporter activity in astrocytes, a chemical LTP induction stimulus was used as an analog of the induction of LTP. Chemical induction of LTP (forskolin + 0 Mg 2+ ) is well-established and is frequently used to maximize the number of synapses, cells, or slices that can be experimentally treated (Liao et al. 1992; Bolshakov et al. 1997; Sokolov et al. 2002; Otmakhov et al. 2004; Boehm et al. 2006; Kopec et al. 2006) . cAMP analogs by themselves can induce GLT-1 in astrocytes, but this effect of cAMP requires days of treatment, whereas the effects of forskolin plus 0 Mg 2+ occur after only 20 min of treatment with CI (Schlag et al. 1998 ). The 0 Mg 2+ of the CI stimulus is likely to increase intracellular Ca 2+ . It is wellknown that 0 Mg 2+ increases spontaneous activity in neurons and the spontaneous generation, duration, and extension of Ca 2+ waves in astrocytes (Stout and Charles 2003) . Treatment of hippocampal slices in an interface chamber with CI (50 mM forskolin and 0 Mg 2+ , 20 min) produced E-LTP and L-LTP of the CA3-CA1 synaptic response (N ¼ 5 rats) (Fig. 1A) . Also, CI significantly increased glutamate uptake in slices during the late time domain of LTP (92 + 16%, N ¼ 5, P , 0.01) (Fig. 1B) as well as during the early time domain of LTP (74 + 19%, N ¼ 5, P , 0.05) (Fig. 1B) . Given that high-affinity glutamate transporters use the Na + gradient to transport glutamate, we tested whether the increase in glutamate uptake produced by CI was Na + -dependent. Removal of extracellular Na + during measurement of glutamate uptake decreased the basal level of glutamate uptake and eliminated the increase in glutamate uptake produced by CI (one-way ANOVA F (5,18) ¼ 46.01 P , 0.01) (Fig. 1B) . The data for the increase in glutamate uptake in slices produced by CI can be corrected for the Na + -independent uptake of glutamate (Fig.   1B , Na + -free data) by subtracting the Na + -independent glutamate uptake from the control and CI-induced uptake. The increase in glutamate uptake in slices produced by CI and corrected for Na + -dependent uptake was 104.0 + 33.7% during the early and 127.8 + 28.6% during the late time domain of LTP. Thus, CI mimicked HFS in producing E-LTP and L-LTP as well as increases in Na + -dependent glutamate uptake (Pita-Almenar et al. 2006 ). These results confirm that an induction stimulus can increase glutamate uptake during E-LTP and L-LTP.
CI produced an increase of glutamate transporter current in astrocytes in hippocampal slices during late, but not early, LTP Discovery of the cell types in which the change in glutamate transport occurs is a necessary step toward defining the cell type and glutamate transporter responsible for the late increase in glutamate transport. The activity of glutamate transporters in Forskolin in Mg 2+ -free ACSF (CI, chemical induction) was applied for 20 min to slices in an interface chamber. After 20 min of baseline recording of field excitatory post-synaptic potentials (fEPSPs) of the Schaffer collateral synapse, fEPSPs were recorded at 5-min intervals. CI produced short-term and long-term potentiation (LTP) that lasted for at least 120 min. fEPSP recordings in the interface chamber were stopped at 120 min after HFS to transfer slices to submerged chambers for whole-cell recordings. The fEPSP traces on the top of Figure 1A were taken at the times corresponding to the numbers on the bottom of the graph of Figure 1A . (B) Once the early (30 min after CI) and late (180 min after CI) time domains of LTP were reached, slices were transferred to a submerged chamber to measure glutamate uptake during the times shown on the bottom of Figure 1A . CI caused a significant increase in glutamate uptake in CA1 during both early and late phases of LTP. CI mimicked the effects of high-frequency stimulation (HFS) on glutamate uptake (Pita-Almenar et al. 2006) . Glutamate uptake and the increases in glutamate uptake produced by CI were Na + -dependent. Data were analyzed using a one-way ANOVA (F (5,18) ¼ 46), and post-hoc analysis was performed with Tukey's multiple comparison tests. Data are mean + SEM. ( * ) Significant difference from control, P , 0.01.
astrocytes was analyzed by applying a constant concentration of caged glutamate to hippocampal slices and then measuring the amplitude of glutamate transporter current in astrocytes triggered when glutamate was rapidly uncaged. Astrocytes in the CA1 stratum radiatum were identified by their small cell bodies, low input resistance (10-60 MV), and negative resting membrane potentials ( 2 80 mV). Cells that did not have low input resistances and hyperpolarized membrane potentials were not included in the analysis (Matthias et al. 2003) . In the presence of glutamate receptor and Na + channel blockers (see Materials and Methods), uncaging of glutamate by flash photolysis induced a rapid inward current in astrocytes ( Fig. 2A) . No current was elicited when the preparation was flashed with UV light in the absence of caged glutamate ( Fig. 2A) . Furthermore, the current induced by uncaging glutamate was blocked by DL-threo-beta-benzyloxyaspartic acid (TBOA; 100 mM) ( Fig. 2A) , a selective inhibitor of glutamate transporters that was previously shown to block increases in glutamate uptake in hippocampal slices during LTP (Pita-Almenar et al. 2006) . Additionally, the I-V plot of the current elicited by caged glutamate displayed voltage dependence and inward rectification characteristic of glutamate transporter currents as seen by others ( Fig. 2B ; Bergles and Jahr 1997) . Therefore, the properties of the inward astrocytic current induced by uncaging of glutamate are those of currents associated with glutamate transporters.
As predicted by our hypothesis, CI produced a significant increase (144 + 23%, P , 0.001) in transporter current in astrocytes during the late time domain of LTP (control: N ¼ 25 cells; experimental: N ¼ 24 cells) (Fig. 2C , Late), but CI had no effect (P ¼ 0.69) on the astrocytic transporter current measured during the early time domain of LTP (control: N ¼ 11 cells; experimental: N ¼ 10 cells) (Fig. 2C, Early) . The amplitudes of control glutamate transporter currents measured during the early time domain were not significantly different from control currents measured during the late time domain (Fig. 2C) . No changes in the resting membrane potential (control: 277.9 + 1.6 mV, N ¼ 25 cells; experimental: 278.1 + 1.0 mV, N ¼ 24 cells, P ¼ 0.91) or cell input resistance (control: 39.0 + 7.7 MV, N ¼ 25 cells; experimental: 26.7 + 4.9 MV, N ¼ 24 cells, P ¼ 0.17) due to CI were observed during the late time domain. The increase in the glutamate transporter current observed in astrocytes in hippocampal slices during the late time domain (Fig. 2C ) supports our hypothesis that the late increase in glutamate uptake occurs in astrocytes. These are the first results that directly link astrocytes with the increase in glutamate uptake during L-LTP. The lack of an increase in glutamate transporter current in astrocytes during the early time domain (Fig. 2C ) indicated that the early increase in glutamate transporter activity, which appeared to be mediated by EAAC1 (Pita-Almenar et al. 2006) , did not occur in astrocytes. Thus, the early increase in glutamate uptake appears to occur in neurons, and EAAC1 does not appear to be present in astrocytes (see Fig. 4, below; Rothstein et al. 1994) . In the experiment shown in Figure 1B , CI produced an increase in glutamate uptake in hippocampal slices during both early and late time domains. In Figure 1 , glutamate uptake was measured in all cells in the slice, some of which had EAAC1, whereas in Figure 2 GLT-1 mediates the increase in glutamate transporter current in astrocytes in slices
Our previous results indicate that changes in membrane expression of glutamate transporter GLT-1 mediates the increase in glutamate uptake occurring in slices during the late phase of LTP (Pita-Almenar et al. 2006) . If the increase in astrocytic glutamate transporter current were mediated by GLT-1, then the amount of transporter current inhibited by DHK should be larger in astrocytes during L-LTP. To test this, transporter currents were measured in individual astrocytes in hippocampal control and experimental slices 3 h after exposure to vehicle or CI, respectively. Currents were measured during the 10 min before and 10 min after washing in Increases in astrocytic GLT-1 and late-LTP www.learnmem.org DHK (300 mM) (Fig. 3A,B) . The basal GLT-1 component of astrocytic transporter current of control slices was 232.8 + 14.1 pA [control current 2 (control + DHK current)] (N ¼ 14 cells) (Fig. 3A , light hatching). The inhibition of basal transporter current by DHK observed in control slices of this experiment (40 + 15% inhibition) (Fig. 3A) was similar to the level of inhibition produced by DHK upon synaptically generated transporter currents (30%-40%) (Bergles and Jahr 1997) , flash photolysis-generated currents (56%) , and basal glutamate uptake ( 50%) (Pita-Almenar et al. 2006) . CI significantly increased the astrocytic transporter current by 127 + 15% (N ¼ 14 cells, P , 0.01). The GLT-1 component of astrocytic transporter current of CI-treated slices was 2116.2 + 13.7 pA [CI current 2 (CI + DHK current)] (N ¼ 14 cells) (Fig. 3B , dark hatching). Thus, CI treatment increased the GLT-1 component of the astrocytic glutamate transporter current sensitive to DHK by 254% (compare light vs. dark hatching in Fig. 3A,B) .
DHK appeared to inhibit most, if not all, of the increase in transporter current produced by CI ( Fig. 3 ; compare "CI + DHK" with "control + DHK"). The portion of the increase in astrocytic current that appeared not to be inhibited by DHK was ,20%. Similarly, others have observed a DHK-independent GLT-1 current (Bergles and Jahr 1997; . Therefore, the increase in astrocytic glutamate transporter current during the late time domain produced by CI was due largely, if not solely, to an increase in activity of a GLT-1-type glutamate transporter. These results support the hypothesis that the increase in glutamate uptake during L-LTP was due to an increase in GLT-1 in astrocytes.
High-frequency stimulation elicited an increase in astrocytic transporter current in hippocampal slices Does HFS mimic the effect of CI upon the late transporter current in astrocytes? These experiments were performed similarly to those using CI, except experimental slices received HFS (Pita-Almenar et al. 2006) . As with CI, HFS produced a significant increase in astrocytic transporter current during the late time domain (35 + 3%, N ¼ 10 cells, P , 0.05) but not during the early time domain (13 + 1%, N ¼ 11 cells). The ability of HFS to mimic the effect of CI on astrocytic transporter current validates the use of CI as an analog of HFS and strengthens the result that LTP induction stimuli can increase astrocytic transporter currents.
CI can increase glutamate uptake in cultures of astrocytes in the absence of other types of cells
In our previous experiments using hippocampal slices, the contribution of nonglial cells to the changes observed in glutamate transporter activity is not known. Moreover, the target cells responding to CI and HFS are not known. To test whether the increase in activity of glutamate transporters requires only astrocytes, we investigated the regulation of glutamate transporters in primary cultures of hippocampal astrocytes in the absence of neurons. Primary cultures of astrocytes were prepared following techniques of Engele's lab (Franke et al. 1998; Schluter et al. 2002; Lehmann et al. 2009 ). Cultures of astrocytes were generated from dissociation of hippocampal cells from 2-d-old rats. Differentiation of astrocytes and removal of neurons were a result of growth factors in the media and re-plating cultures several times prior to use (see Materials and Methods). All cultures used in our studies contained only differentiated astrocytes. This was established by the following findings. All DAPI (nuclear)-stained cultured cells were also stained by GFAP (glial) antibodies (Fig. 4A) , and the DAPI-stained cells exhibited the typical morphology of astrocytes. Also, all the cultured cells were stained by GLT-1 (transporter) antibody and to a lesser extent by GLAST (transporter) antibodies. None of the cultured cells were stained by the neuronal EAAC1 (transporter) antibodies. Control staining experiments ruled out staining by secondary antibodies (not shown). The immunocytochemical studies were confirmed by Western blot analysis (Fig. 4B) . GLT-1 and GLAST antibodies stained appropriate molecular weight bands on Western blots of proteins from the cultured astrocytes, whereas no proteins were stained by the EAAC1 antibody (Danbolt et al. 1992) . Thus, the cultured astrocytes have the properties of differentiated astrocytes in situ.
Initially, we tested whether glutamate uptake was increased by CI in cultured astrocytes. CI for 20 min produced a significant, 53 + 8% increase in glutamate uptake 4 h after exposure of cultures to CI (CI vs. control, N ¼ 8, P , 0.001) (Fig. 5A ). This effect of CI on cultured astrocytes was significantly greater than the effect of forskolin alone for 20 min and glutamate uptake measured 4 h later (18 + 7%, N ¼ 4, P , 0.05) (see Fig. 5B in Pita-Almenar et al. 2006) . Therefore, CI can increase glutamate uptake in cultures of astrocytes in the absence of other types of cells, and forskolin itself elicits a much smaller effect on glutamate uptake than forskolin plus 0 Mg 2+ (CI). Removal of Na + during the measurement of glutamate uptake reduced control uptake by 60% and revealed that the increase in glutamate uptake in cultured astrocytes produced by Transporter currents were recorded from individual astrocytes 3 h after the slices were exposed to CI for 20 min. Recordings were made 10 min before (left side) and 10 min after (right side) exposure of slices to DHK. Representative traces are shown at the top and summary of the results are shown at the bottom of the figure. CI produced an increase in astrocytic transporter current of 127% (CI vs. control) . Most of the current increased by CI was inhibited by DHK (the dark area of the bar on the right side of Fig. 3B ). Thus, the transporter current in astrocytes appears to be due to GLT-1 which is inhibited by DHK. Data were analyzed using a one-way ANOVA (F (3,52) ¼ 23.6), and post-hoc analysis was performed with Tukey's multiple comparison tests. ( * ) Significant difference, P , 0.01. Error bars are +SEM.
Increases in astrocytic GLT-1 and late-LTP (Fig. 5B) . The data for the increase in uptake produced by CI in Figure 5A can be corrected for the Na + -independent uptake of glutamate by subtracting the Na + -independent glutamate uptake from the control and CI-induced uptake in Figure 5A . The increase in glutamate uptake produced by CI and corrected for Na + -independent uptake was 87.4 + 12.5%. The uncorrected increase in glutamate uptake cited earlier was 53 + 8%.
Which glutamate transporter in cultured astrocytes was responsible for the increase in glutamate uptake during L-LTP? To test the role of GLT-1, DHK was applied to both the control and CI-treated cultured astrocytes during measurement of glutamate uptake (N ¼ 8) (Fig. 5C) . DHK, as in slices, reduced the basal glutamate uptake of control astrocytes by 47%. More importantly, DHK completely blocked the increase in glutamate uptake induced by CI treatment (N ¼ 8, compare control + DHK vs. CI + DHK) (Fig. 5C) . Therefore, the entire increase in glutamate uptake of cultured astrocytes appears to be due to an increase in GLT-1 in astrocytes. Other transporters present in astrocytes insensitive to . Chemical induction increased glutamate uptake and expression of GLT-1 in primary cultured hippocampal astrocytes. (A) CI significantly increased glutamate uptake in primary cultured astrocytes 4 h after treatment with CI for 20 min. Lightly shaded areas represent the fraction of glutamate uptake that was inhibited by DHK. The increase in DHK-sensitive uptake produced by CI was 109.7 + 23.2%. (B) Glutamate uptake of control and CI-treated astrocytic cultures was measured in Na + -free conditions. Na + -free conditions completely abolished the effect of CI on glutamate uptake and reduced basal glutamate by 60%. (C ) DHK inhibited glutamate uptake in both control and CI-treated astrocytes. The entire increase in glutamate uptake due to CI was inhibited by DHK (compare control + DHK vs. CI + DHK). Therefore, the increase in glutamate uptake produced by CI appears to be due to an increase in GLT-1. Data were analyzed using a one-way ANOVA (F (2,11) ¼ 20.4), and post-hoc analysis was performed with Tukey's multiple comparison tests. ( * ) Significant difference, P , 0.01. (D) Representative Western blots of transporter protein from total protein and plasma membrane fractions obtained by biotinylation are shown above the summary of results obtained by densitometry. CI produced significant increases in levels of GLT-1 in the total protein fraction (145%) and in levels of GLT-1 in the plasma membrane fraction (96%). GLAST levels in total and plasma membrane fractions were not significantly affected by CI. Data were analyzed using a one-way ANOVA (F (4,26) ¼ 11.9) with Tukey's multiple comparison tests. (Schluter et al. 2002; Lehmann et al. 2009 ). The cells were exposed for 3 -5 d to culture media with growth factors (see Materials and Methods). All cultured cells were stained by DAPI (blue), a nuclear stain, and by GFAP (green), a glial marker. Thus, all cells in the culture appeared to be astrocytes. Additionally, all cells in culture were stained by antibodies to GLT-1 (red) and, to a lesser extent, by antibodies to GLAST (red). The cultured cells were not stained by antibodies to EAAC1. The cells stained by GFAP and GLT-1 expressed the morphology of astrocytes. Thus, the cultures contained only cells with characteristics of differentiated astrocytes. The white scale bar denotes 20 mm. (B) Western blots of astrocytic protein confirmed the results of immunocytochemistry. The blots of cultured cells were stained strongly by antibodies to GLT-1, more weakly stained by antibodies to GLAST, and were not stained at all by antibodies to EAAC1.
Increases in astrocytic GLT-1 and late-LTP www.learnmem.org DHK (such as GLAST) did not appear to contribute to the increase in glutamate uptake during L-LTP.
To directly confirm the role of GLT-1 in the increase in glutamate uptake, the effect of CI on levels of GLT-1 in cultured astrocytes was investigated. Astrocytic cultures were treated with CI, and 4 h later, levels of GLT-1 and GLAST transporters in the membrane and total protein fractions were measured by biotinylation and Western blot analysis (Fig. 5D) . CI significantly increased the expression of both total and membrane levels of GLT-1 (total: 145 + 42%, N ¼ 5, P , 0.05; membrane: 96 + 16%, N ¼ 7, P , 0.01). It is worth noting that the increase in DHK-sensitive glutamate uptake of cultured astrocytes (109 + 23%) (Fig. 5A, hatched  bars) was similar to the increase in GLT-1 in the membrane (96 + 16%) (Fig. 5D) . Therefore, an increase in GLT-1 appears to be responsible for the increase in glutamate uptake in astrocytes because DHK inhibited the increase in glutamate uptake in astrocytes and CI increased the level of GLT-1 in astrocytes. Moreover, cell types other than astrocytes were not required for the effect of CI on GLT-1 and glutamate uptake. Total or membrane levels of GLAST in astrocytic cultures were not affected by CI during L-LTP (N ¼ 5, P . 0.05) (Fig. 5D ).
CI produced a large (145%) increase in GLT-1 in the total protein fraction from astrocytes (Fig. 5D ). An increase in GLT-1 in the total membrane fraction indicates that the change in GLT-1 in the plasma membrane was not due to a shift of GLT-1 from a pool of GLT-1 already present in astrocytes to the membrane. Rather, the large increase in GLT-1 in the total membrane fraction indicates that additional GLT-1 was due to new protein synthesis of GLT-1. This possibility of new synthesis of GLT-1 is consistent with our earlier results showing that the late increase in glutamate uptake required transcription and translation (Pita-Almenar et al. 2006) . Therefore, the increase in glutamate uptake may involve transcription and translation of GLT-1, perhaps along with some trafficking steps that could account for the delayed, late increase in glutamate uptake dependent on GLT-1. Alternatively, the synthesis of some protein(s) other than GLT-1 may be necessary for the increase in glutamate uptake during L-LTP (Zou et al. 2011 ).
Inhibition of the increase in GLT-1 during L-LTP reduced expression of LTP via accumulation of glutamate and activation of metabotropic receptors
Our results indicate that GLT-1 plays a role in plasticity during LTP. An increase of GLT-1 activity in astrocytes accompanies L-LTP (Fig. 3, present paper; Fig. 4 in Pita-Almenar et al. 2006) , and DHK can completely inhibit the increase in glutamate uptake mediated by GLT-1 in astrocytes. What role does the increase in GLT-1 play in the expression and induction of L-LTP? To investigate the function of the increase in GLT-1, DHK was used to inhibit GLT-1 during the late phase of LTP. DHK (300 mM) was perfused through the interface chamber for 20 min during L-LTP (180 min after HFS) while measuring the percent change of the field excitatory post-synaptic potential (fEPSP) slope (Fig. 6, top Thus, the increase in glutamate uptake appears to be important for regulating the expression of L-LTP.
Considerable evidence suggests that both postsynaptic and presynaptic changes are involved in the expression of LTP in the hippocampus (Kerchner and Nicoll 2008; Enoki et al. 2009; (b vs. a 
) (c vs. a) (d vs. a) (e vs. a) (f vs. a) (g vs. a) (h vs. a) (i vs. a)
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). An increase in release of glutamate by presynaptic terminals has been observed during L-LTP (Zakharenko et al. 2001; Bayazitov et al. 2007 ). Thus, inhibition of expression of L-LTP by DHK could be the result of an accumulation of extracellular glutamate, which leads to activation of metabotropic glutamate receptors during the late phase of LTP. Does the increase in GLT-1 prevent accumulation of glutamate and activation of mGluRs during L-LTP? We examined this by removing glutamate with a glutamate scavenger (glutamic-pyruvic transaminase [5 U/mL] + pyruvate [2 mM)]) while the increase in GLT-1 during L-LTP was inhibited with DHK (Fig. 6) We next investigated whether inhibition of the expression of L-LTP by DHK depends on the activation of metabotropic glutamate receptors, which are known to be responsible for a depotentiation and an increase in inhibitory inputs at the Schaffer collateral synapse (Zho et al. 2002; ). The nonselective mGluR inhibitor MCPG (500 mM) was applied during L-LTP before and after inhibition of the increase in glutamate uptake with DHK. The metabotropic receptor inhibitor MCPG significantly reduced the effect of DHK on the slope of the fEPSPs during L-LTP (N ¼ 5, P . 0.05) (compare traces f vs. g in Fig. 6 ). Therefore, activation of mGluRs is responsible, at least in part, for blocking the expression of L-LTP when the increase in GLT-1 is inhibited.
In addition to reducing the fEPSP slope during L-LTP, the inhibition of the increase in GLT-1 with DHK led to additional effects on the fEPSP traces. These additional effects were characterized by an increase in the duration of fEPSP traces and multiple population spikes after a single electrical stimulation (Fig. 6, trace  d) . In the presence of the glutamate scavenger, the effects of blocking GLT-1 were not observed (Fig. 6, trace f) . This observation suggests that reducing the clearance of glutamate with DHK leads to an increase in duration of fEPSPs and an increase in population spikes. The longer duration of glutamate could lead to a prolonged activation of NMDA receptors, which are not rapidly desensitized by glutamate (Mayer et al. 1989) . To investigate this possibility, an inhibitor of NMDA receptors, APV (50 mM), was applied along with DHK and MCPG during L-LTP. APV consistently blocked the additional effects of DHK (N ¼ 5) (Fig. 6 , trace i). Thus, these observations suggest that one function of the increase in GLT-1 during L-LTP is to prevent an excessive activation of mGluRs and NMDA receptors caused by an increase in extracellular glutamate.
An increase in glutamate transport by GLT-1 is required for the induction of additional L-LTP
Evidence was presented above demonstrating that an increase in glutamate transport was necessary for the expression of L-LTP (Fig. 6) . Is an increase of glutamate transport important for the induction of LTP? Naive slices were exposed to DHK and a baseline of the fEPSP was established (50% of max slope) for 10 min. The slice was then exposed to HFS-1, which induced LTP-1 in the presence of DHK (N ¼ 5) (Fig. 7A, DHK, open triangles) . For comparison, LTP-1 was also induced in a control group of slices (Fig. 7A,  dark circles) . The inability of DHK to affect induction of LTP, which was reported previously by Scimemi et al. (2009) , was not unexpected because GLT-1 was only at basal levels during induction by HFS-1.
Another way to induce LTP is to expose slices to an additional HFS. Frey et al. (1995) showed that a second HFS, HFS-2, could induce additional LTP (LTP-2; N ¼ 5) (Fig. 7B , control, dark circles) when HFS-2 was delivered 3 -4 h after HFS-1 (Frey et al. 1995) . LTP-2 allowed us to investigate whether an increase in glutamate transport is required for the induction of LTP. Three hours after slices were exposed to HFS-1 and LTP-1 was induced, slices were exposed to DHK, and LTP-2 was induced by HFS-2 (N ¼ 5) (Fig.  7B , DHK, open circles). Under these experimental conditions, Basal activity of GLT-1 was not required for the induction of LTP-1 by HFS-1. Naive slices were exposed either to HFS-1 or HFS-1 plus DHK after a 10-min baseline was established. The experimental slices were exposed to DHK throughout the entire period of LTP-1. HFS-1 was administered during the time shown under the abscissa of the graph. HFS-1 induced similar LTP-1 in slices treated with (open triangles) and without DHK (closed circles). Thus, basal GLT-1 activity was not required for HFS-1 to elicit LTP-1. (B) "Additional" LTP (LTP-2, control dark circles) can be induced by a second HFS, HFS-2, in hippocampal slices in which LTP-1 had already been induced (Frey et al. 1995) . To study the effect of DHK on induction of additional LTP, LTP-1 was induced in slices by HFS-1 and followed for 180 min, as shown in A, control. Then, a new (50% of max amplitude) baseline was established, and the slices received HFS a second time (HFS-2) while exposed to DHK (LTP-2, +DHK, open circles). DHK inhibited the ability of HFS-2 to elicit LTP-2. Since blocking basal GLT-1 activity with DHK did not block the induction of LTP-1 by HFS-1, DHK likely blocked the induction of "additional" LTP, LTP-2, by inhibiting the increase in activity of GLT-1. Therefore, inhibiting GLT-1 would lead to an accumulation of glutamate, which would inhibit the induction of LTP-2. To test this idea, we examined the ability of a glutamate scavenger (glutamic-pyruvic transaminase [5 U/mL] + pyruvate [2 mM]) (Overstreet et al. 1997; Min et al. 1998) to rescue the induction of additional LTP from the effect of DHK. The glutamate scavenger rescued the ability of HFS-2 + DHK to induce LTP-2 (B, open diamonds). With the glutamate scavengers present, DHK did not prevent HFS-2 from inducing LTP-2. Thus, DHK appears to inhibit induction of LTP-2 by an accumulation of glutamate, which resulted from inhibition of the increase in glutamate transport. These results demonstrate the importance of the increase in GLT-1 and subsequent glutamate transport for the induction of LTP-2. Error bars are
+SEM.
Increases in astrocytic GLT-1 and late-LTP www.learnmem.org DHK inhibited the appearance of LTP-2. Instead of LTP, HFS-2 induced a transient post-tetanic depression in the presence of DHK. This result suggests that the increased activity of GLT-1 and glutamate transport, which would keep extracellular glutamate at low levels, appears to be required for induction of LTP-2. Testing this idea, we found that the inhibition of the ability of HFS-2 to induce additional LTP-2 by DHK was rescued by treating slices with a glutamate scavenger (glutamic-pyruvic transaminase [5 U/mL] + pyruvate [2 mM]) while slices were exposed to DHK (Overstreet et al. 1997 ). In the presence of the glutamate scavenger, HFS-2 was able to induce LTP-2 even though DHK was present (Fig. 7B , +DHK + Glu Scavenger, open diamonds). Thus, DHK appears to inhibit LTP-2 by blocking the increase of GLT-1 and glutamate transport, which would then result in the accumulation of glutamate during the induction of additional LTP-2. It seems noteworthy that when the increase in glutamate uptake was reduced by DHK, not only was HFS unable to generate potentiation, but HFS produced a transient depression. Clearly, such a depression produced by HFS-2 and inhibition of glutamate transport would result in an altered function of neuronal circuitry in the hippocampus.
Discussion
Changes in synaptic strength such as those that occur during LTP are likely to require several changes in synaptic mechanisms to be stable (Malenka and Bear 2004) . Although it has been accepted for some time that basal glutamate uptake is important in various aspects of synaptic transmission, it has only recently become evident that plasticity of glutamate uptake is involved in synaptic plasticities (Levenson et al. 2000 (Levenson et al. , 2002 Pita-Almenar et al. 2006) . The experiments reported here investigate the late phase of the increase in glutamate uptake associated with LTP in the hippocampus. Although astrocytes contain a major amount of the basal GLT-1 in the hippocampus, an increase in GLT-1 activity could occur in cells other than astrocytes (Rothstein et al. 1994; Chen et al. 2002; Furness et al. 2008) . We tested the hypothesis that the late increase in glutamate uptake in the hippocampus was due to an increase in glutamate transporter activity in astrocytes. Importantly, CI significantly increased the astrocytic glutamate transporter current over 100% in hippocampal slices in two separate experiments during L-LTP (Figs. 2C, 3A,B) . Furthermore, this result was confirmed by demonstrating that HFS, as well as CI, was able to increase astrocytic transporter current. Therefore, glutamate transporter activity appears to be increased in astrocytes during L-LTP.
The early increase in glutamate uptake is due to an increase of a glutamate transporter (probably neuronal EAAC1), which is insensitive to DHK and not found in astrocytes (Rothstein et al. 1994; He et al. 2000) . Consistent with previous studies, we found that the astrocytic glutamate transporter current does not change during E-LTP ( Fig. 2C ; Diamond et al. 1998; Luscher et al. 1998; Kawamura et al. 2004) . In these previous studies, the astrocytic glutamate transporter current was measured only during a time that corresponds to E-LTP. The lack of a change in glutamate transporter current in astrocytes during the early phase of LTP (Fig. 2C) is consistent with the inability of DHK to block the early increase in glutamate uptake (Levenson et al. 2002; Pita-Almenar et al. 2006) .
Although CI and HFS increased transporter activity in astrocytes in slices (Figs. 2B, 3) , it is possible that cells other than astrocytes (i.e., neurons or oligodendrocytes) are required for the response to CI and the increase in glutamate transporter activity (Levy et al. 1995; Figiel et al. 2003) . To address this, glutamate uptake in cultures of only "mature" astrocytes was investigated. CI significantly increased Na + -dependent glutamate uptake of cultured astrocytes (Fig. 5A,B) . Therefore, astrocytes alone can respond to CI with an increase in glutamate transporter activity. Although CI can act solely on astrocytes to increase glutamate uptake, is the target of CI the same in slices and cultured astrocytes? Portions of the signaling pathway for increasing glutamate uptake in slices and cultured astrocytes appear to be similar. cAMP mediates the increase in glutamate uptake in both slices and cultured astrocytes, and cellular activity appears to be necessary for cAMP to be effective in both slices and cultured astrocytes (PitaAlmenar et al. 2006) . However, future research is required to establish completely the signaling pathway by which GLT-1 is regulated in cultures, in slices, and in vivo. Regardless, observing a large increase in astrocytic glutamate transporter current in slices and an increase in glutamate uptake in cultured astrocytes clearly establishes that a large increase in glutamate uptake occurs in astrocytes during the late phase of LTP.
Which glutamate transporter is responsible for the late increase in glutamate uptake in astrocytes? Previously, we found that DHK blocked the late increase in glutamate uptake in hippocampal slices (Pita-Almenar et al. 2006) . Thus, we hypothesized that an increase in GLT-1 was responsible for the increase in glutamate transporter current in slices and also for the increase in glutamate uptake in cultured astrocytes. This hypothesis was tested in three ways. First, we found that DHK inhibited the CI-induced increase in astrocytic transporter current in slices (Fig. 3) . Second, DHK inhibited the CI-induced increase in glutamate uptake in cultured astrocytes (Fig. 5) . Third, in cultured astrocytes, CI increased the amount of GLT-1 in plasma membrane protein (Fig. 5D) . The increase of GLT-1 in astrocytes (97%) (Fig. 5D ) was very similar to the increase in glutamate uptake of cultured astrocytes (109%) (Fig. 5A) . The increase in the amount of GLT-1 in the plasma membrane directly confirms the experiments using DHK to inhibit GLT-1. In addition, the results of the experiments (Fig. 5 ) measuring increases in GLT-1 in cultured astrocytes were confirmed by Western blots from slices (Pita-Almenar et al. 2006) . Taken all together, these results demonstrate that an increase in GLT-1 was responsible for the late increase in glutamate uptake in astrocytes.
Some processes of presynaptic terminals in the hippocampus contain GLT-1 (Chen et al. 2004) . Is the entire late increase in glutamate uptake in the hippocampus due to an increase of GLT-1 in astrocytes? First, changes in levels of GLAST or EAAC1 do not seem to contribute to the late increase in glutamate uptake (Fig. 5; Pita-Almenar et al. 2006) . Second, DHK inhibited the entire increase in glutamate uptake, indicating that the increase in transporter activity was entirely due to GLT-1 (Figs. 3, 5B, present paper; Figs. 4B, 6 in Pita-Almenar et al. 2006) . Third, the change in GLT-1 in astrocytes was large enough to account for the change in glutamate uptake in slices. The best estimate of the change in GLT-1 in astrocytes comes from Figure 3 . The change in DHK-sensitive astrocytic glutamate transporter current was 254%. If we assume that glutamate uptake in astrocytes of the hippocampus was responsible for 60% of the total glutamate uptake (Rothstein et al. 1994) and that the remaining 40% of glutamate uptake in cells other than astrocytes did not exhibit a change in GLT-1, then the calculated increase in overall hippocampal glutamate uptake is 152%. Thus, the 254% change in glutamate transporter activity in astrocytes is adequate to account for the largest changes in glutamate uptake and transporter current that we observed, e.g., 128% (Fig. 1B), 144% (Fig. 2C) , and 127% (Fig. 3) . It is still possible that GLT-1 activity increased in nonastrocytic processes, but such a contribution from nonastrocytic GLT-1 would be small. All our results support the hypothesis that the late increase in glutamate uptake in the hippocampus is due to an increase in GLT-1 in astrocytes.
The use of the CI analog in the above experiments was validated in numerous ways. CI produced LTP in slices and an increase (Fig. 1) . CI produced a change (as did HFS) in transporter current during L-LTP but not E-LTP. This result correlates with the ability of HFS to increase DHK-dependent glutamate uptake during L-LTP but not E-LTP. CI was specific, as forskolin alone did not induce an increase in glutamate uptake, and only brief treatments of forskolin + 0 Mg 2+ (20 min) were required for CI to be effective. We confirmed that HFS (as well as CI) could increase the transporter current in astrocytes in hippocampal slices. Importantly, the studies on the function of increases in glutamate uptake (Figs. 6, 7) were all performed using HFS. The increase of glutamate uptake during LTP is a very robust phenomenon triggered by a variety of stimuli in a broad array of systems across different levels of organization. This robustness of the phenomenon suggests that the increase in glutamate uptake during LTP will also exist in vivo.
The increase in glutamate uptake that occurs in the hippocampus is closely correlated with LTP (Levenson et al. 2002; Pita-Almenar et al. 2006 ). This connection of LTP and glutamate uptake suggests that the increase in glutamate uptake has an important role for LTP. Thus, we tested the hypothesis that the increase in glutamate uptake due to GLT-1 was important for the expression and induction of LTP. LTP was elicited by HFS in both the expression and induction types of experiments. DHK inhibition of basal GLT-1 activity during baseline control had only a small effect on fEPSPs. However, DHK inhibition of the increase in glutamate uptake during late LTP reversibly decreased the expression of LTP (Fig. 6, trace d) . Therefore, the increase in glutamate uptake due to the increase in GLT-1 was necessary for the expression of late LTP.
In the hippocampus, evidence suggests both postsynaptic and presynaptic changes are involved in LTP (Kerchner and Nicoll 2008; Enoki et al. 2009; Lisman 2009 ). Indeed, a slowly developing increase in glutamate release during L-LTP has been visualized using fluorescent dyes or mice expressing SynaptopHluorin in presynaptic boutons (Zakharenko et al. 2001; Bayazitov et al. 2007 ). The simplest explanation for elimination of expression of late LTP by DHK is that glutamate accumulated and subsequently inhibited expression of LTP by increased desensitization of AMPA receptors and/or excessive activation of metabotropic and NMDA receptors. In fact, removal of extracellular glutamate or inhibition of both metabotropic glutamate receptors and NMDA receptors eliminated the effect of DHK on expression of late LTP (Fig. 6) . Thus, the increase in GLT-1 during the late phase of LTP appears to be, at least in part, important to prevent an excessive activation of mGluRs and NMDA receptors when release of glutamate is increased. A late increase in GLT-1 activity appears to be needed to compensate for an increase in release of glutamate that causes an enhanced activation of glutamate receptors during late LTP (Zakharenko et al. 2001; Bayazitov et al. 2007; Enoki et al. 2009 ).
The importance of the increase in glutamate uptake for the induction of LTP was also tested. Inhibition of basal glutamate uptake during HFS did not affect the induction of LTP (Fig. 7A) since the increase in GLT-1 activity does not occur until a few hours after induction of LTP (Pita-Almenar et al. 2006 ). An additional LTP (LTP-2) can be induced by exposing the slice to a second HFS (HFS-2) 3 -4 h after the first HFS ( Fig. 7B, control ; Frey et al. 1995) . When DHK was present during the induction of LTP-2 by HFS-2, DHK abolished the induction of additional LTP (Fig. 7B,  DHK) . Because the presence of a glutamate scavenger rescued the ability of HFS-2 to induce additional LTP, the inability of HFS-2 to elicit additional LTP in the presence of DHK was due to elevation of glutamate during HFS-2 (Fig. 7B) . Thus, an increase in glutamate uptake is required for HFS-2 to induce additional LTP. This experiment may be considered a model of a second memory event (HFS-2) that follows an earlier memory event (HFS-1). Since memories are often formed in sequences, it seems reasonable to suggest that regulation of glutamate uptake is essential for the formation of sequential memories (Wang and Morris 2010) .
An increase in glutamate transport, most likely in astrocytes, is important for both the expression of LTP and some forms of the induction of LTP. It is likely that heightened glutamate transport plays an important, ongoing role in the ability of hippocampal circuitry to code and store information. If this is true, the ability to form and express some types of memories will depend upon the healthiness of the plasticity of glutamate transport. It is also likely that the regulation of glutamate uptake plays a role in many processes in addition to memory formation (e.g., addiction, stress, and seizure prevention) (Yang et al. 2005; Willmore and Ueda 2009; Reissner and Kalivas 2010) . Equally likely, abnormalities in the plasticity of glutamate uptake will be found to underlie several pathologies of brain function (e.g., epilepsy, ALS, Alzheimer's disease, HIV-1-associated dementia, and Huntington's disease) (Maragakis and Rothstein 2001; Benarroch 2010; Mookherjee et al. 2011 ).
Materials and Methods
Hippocampal slices
Transverse hippocampal slices (400 mm) were obtained from male (100-150 g) Sprague-Dawley rats (Harlan, Indianapolis, IN), according to protocols approved by the University of Houston Institutional Animal Care and Use Committee. Slices were cut in ice-cold "cutting" solution (110 mM sucrose, 60 mM NaCl, 3 mM KCl, 1.25 mM NaH 2 PO 4 , 28 mM NaHCO 3 , 5 mM D-glucose, 0.5 mM CaCl 2 , 7 mM MgCl 2 , and 0.6 mM ascorbate) saturated with 95% O 2 and 5% CO 2 . After 1 h of recovery in 50% cutting solution and 50% artificial cerebrospinal fluid (ACSF: 125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 25 mM D-glucose, 2 mM CaCl 2 , and 1 mM MgCl 2 saturated with 95% O 2 and 5% CO 2 ) at room temperature, slices were incubated for 30 min in 100% ACSF at room temperature. Then, slices were placed in an interface chamber (Fine Science Tools), perfused at a flow rate of 1 mL/min with ACSF, and maintained at 328 8 8 8 8C. Half of the slices (6 -10 slices total per rat) were experimentals, and the other half of the slices were controls. Before recording, slices were equilibrated in the recording chamber for 30 min.
Extracellular field potentials
The strength of synaptic communication was determined by measuring the initial slope of the excitatory postsynaptic field potentials (fEPSP) in an interface chamber. Borosilicate glass recording electrodes were filled with ACSF and had resistances of 1-5 MV. Stimulating electrodes were placed in the stratum radiatum of CA1 next to area CA3, and the recording electrodes were placed in the stratum radiatum of area CA1. Recording electrodes were introduced 100 mm into the slice. Electrical stimulation of 100-300 mA for 100 msec was applied using a bipolar tungsten (10-mm diameter) isonel-coated wire (A-M Systems analog stimulus isolator). Recordings of extracellular field potentials were amplified using an A-M Systems Neuroprobe amplifier low-pass filtered at 1 kHz (low-pass Bessel four-pole), digitized at 5 kHz, and analyzed using Molecular Devices software (Digidata 1322A, Clampex 8.2, and Clampfit 8.2; Molecular Devices). Stimulus intensities for recording baseline fEPSPs were adjusted to have slopes that were 50% of the maximum. Field potentials were recorded at 1-min intervals. The health of the slice was monitored by continuously recording extracellular field potentials throughout experiments. Additional details of recording field potentials have been previously described (Pita-Almenar et al. 2006) .
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Statistical analysis
Data are expressed as mean + SEM. Glutamate uptake was measured in the CA1 regions of three experimental and three control slices per rat. Each group of three slices was exposed to label in the same container, and uptake was analyzed from the group. Paired t-tests were used to analyze significance. "N" reports the number of animals used in an experiment measuring glutamate uptake. In the experiments measuring transporter currents, currents were measured from several astrocytes in each slice, and usually three experimental and three control slices were used per animal. Typically, slices from 3-6 animals were used in an experiment. In these experiments, "N" reports the total number of astrocytes that were recorded. One-way ANOVA or Student's t-tests were used to analyze the significance of the difference between groups. Data were analyzed using Prism 4 for Macintosh (GraphPad Software, Inc.).
